TRPM7/ChaK1 is a unique channel/kinase that contains a TRPM channel domain with 6 transmembrane segments fused to a novel serine-threonine kinase domain at its C terminus. The goal of this study was to investigate a possible role of kinase activity and autophosphorylation in regulation of channel activity of TRPM7/ChaK1. Residues essential for kinase activity were identified by site-directed mutagenesis. Two major sites of autophosphorylation were identified in vitro by mass spectrometry at Ser 1511 and Ser 1567 , and these sites were found to be phosphorylated in intact cells. TRPM7/ ChaK1 is a cation-selective channel that exhibits strong outward rectification and inhibition by millimolar levels of internal [Mg 2؉ ]. Mutation of the two autophosphorylation sites or of a key catalytic site that abolished kinase activity did not alter channel activity measured by whole-cell recording or Ca 2؉ influx. Inhibition by internal Mg 2؉ was also unaffected in the autophosphorylation site or "kinase-dead" mutants. Moreover, kinase activity was enhanced by Mg 2؉ , was decreased by Zn 2؉ , and was unaffected by Ca 2؉ . In contrast, channel activity was inhibited by all three of these divalent cations. However, deletion of much of C-terminal kinase domain resulted in expression of an apparently inactive channel. We conclude that neither current activity nor regulation by internal Mg 2؉ is affected by kinase activity or autophosphorylation but that the kinase domain may play a structural role in channel assembly or subcellular localization.
Recent studies have characterized several unique protein kinases that display no amino acid sequence similarity to the superfamily of protein kinase A-related enzymes, including eukaryotic elongation factor-2 kinase (EF2K) 1 and Dictyostelium myosin heavy chain kinases A, B, and C (MHCK A-C). Several additional catalytic domains related to EF2K and MHCK have been identified through data base searches in mammals as well as in nematode worm, although the function of these potential protein kinases is not known (1) (2) (3) . Using this approach, we and others identified an 1863-amino acid polypeptide (termed ChaK for channel kinase) that contained a TRP-related channel domain fused to the atypical kinase domain at its C terminus (3, 4) . The same gene product was also identified in a yeast two-hybrid screen using a portion of phospholipase C ␤1 as bait (and termed TRP-PLIK) (5) and in a screen for TRP-related channels (and termed LTRPC7) (6) . Based on revised nomenclature for TRP channels, the kinasecontaining TRP has been termed TRPM7/ChaK1 based on its similarity to long TRP family members, melastatin, MTR1 (TRPM5), and LTRPC2 (TRPM2) (7) . A closely related gene, TRPM6/ChaK2 has also been identified as being mutated in familial hypomagnesemia (8, 9) , and a key role for both TRPM6 and TRPM7 has been suggested in Mg 2ϩ homeostasis (8 -11) . Members of the TRP family of channels contain six predicted transmembrane segments and are related to the superfamily of ion channels that include voltage-gated K ϩ channels and cyclic nucleotide-gated channels (12, 13) . In addition to the kinase domain at the C terminus of TRPM7, other regions of potential functional importance are a putative coiled-coil domain and a domain enriched in Ser/Pro and Thr/Pro motifs (the STP domain) (Fig. 1A) . We have recently determined the crystal structure of the kinase domain of TRPM7 (4) . The TRPM7 kinase domain (residues 1551-1577) forms a domain-swapped bilobate dimer. Despite a lack of amino acid sequence similarity to the classical eukaryotic protein kinases, the TRPM7 kinase domain exhibits within its N-terminal lobe secondary and tertiary structural similarity to the protein kinase A superfamily as well as to metabolic enzymes with ATP grasp domains. However, in contrast to the classical kinase superfamily, the C-terminal lobe of the TRPM7 kinase domain contains a zinc finger homology domain, and zinc appears to play a structural role in TRPM7 and related EF2K/MHCK family members (4) .
Previous studies in heterologous expression systems have indicated that TRPM7 exhibits a steep outwardly rectifying current-voltage relation and permeability to monovalent and divalent cations (5, 6) . Nadler et al. (6) demonstrated that millimolar concentrations of internal Mg 2ϩ , MgATP, MgGTP, or other Mg 2ϩ -nucleotides inhibit TRPM7. In RBL and Jurkat T cells, the native correlate of TRPM7 was described and termed MagNuM (magnesium nucleotide-dependent metal cation) (14) , or MIC (Mg 2ϩ -inhibited cation) (15, 16) . Similar currents have also been described in cardiac fibroblasts (17) , smooth muscle cells (18) , and brain microglia (19) .
The role of the kinase domain and phosphorylation in the ion channel function is controversial (for a recent review, see Ref. 20) . Runnels et al. (5) reported that mutations of kinase domain residues (probably involved in ATP and zinc binding (4)) apparently abolished channel activity measured in whole-cell recording. Subsequently, Schmitz et al. (10) showed that whereas TRPM7 mutants with impaired kinase activity formed functional channels, these channels exhibited reduced sensitivity to Mg 2ϩ . Moreover, a kinase deletion mutant exhibited increased Mg 2ϩ sensitivity. From these studies, Schmitz et al. (10) concluded that the TRPM7 kinase domain was somehow coupled negatively to the mechanism(s) that mediated Mg 2ϩ -dependent inhibition. In this study, we have characterized the biochemical and functional properties of the TRPM7 kinase activity. Guided by the crystal structure, we have confirmed the identity of amino acids critical for kinase activity. We have identified two major sites of TRPM7 autophosphorylation by mass spectrometry and demonstrated that these sites are phosphorylated in intact cells. Using whole-cell patch clamp recording, we have measured the magnitude of the constitutive current conducted by wild-type TRPM7 and its kinase-dead and autophosphorylation site variants and compared the extent of inhibition by internal Mg 2ϩ among them. We have also measured the corresponding Ca 2ϩ influx in intact mammalian cells overexpressing the wild-type channel and the variants. We show that autophosphorylation site or kinase-dead TRPM7 mutant channels do not differ from wild-type channels in their ability to form functional ion channels and in their sensitivity to internal Mg 2ϩ . Thus, TRPM7 channel function and regulation by Mg 2ϩ are clearly dissociated from autophosphorylation or kinase activity. Interestingly, results obtained following deletion of the much of the kinase domain suggest that this C-terminal region may play a structural role in channel assembly or subcellular localization.
EXPERIMENTAL PROCEDURES
cDNA Cloning-Data base analysis, which used tBlastN, identified the expressed sequence tag, AA138771 (GenBank  TM ) . Mouse embryo rapid screen cDNA library panels (OriGene Technologies, Rockville, MD) were screened by PCR using the primers based on the expressed sequence tag sequence (sense, 5Ј-AGCAGTCAAAGTGCTGTGTAC-3Ј; antisense, 5Ј-CATCTTCTCCTAGATTGGCAG-3Ј). A mouse embryo library (Clontech, Palo Alto, CA) was then screened using a fragment from the PCR analysis. Multiple rounds of screening subsequently yielded 50 independent overlapping cDNA clones, which were sequenced and aligned. For expression in mammalian cells, full-length TRPM7, TRPM7-⌬KD, and TRPM7 mutants were cloned into the pcDNA3.1 vector (Invitrogen).
Expression of Wild-type and Mutant TRPM7 Kinase Domain in Sf9 Cells-A recombinant 316-residue kinase domain fragment (TRPM7 residues 1548 -1863) was expressed in Sf9 insect cells with a hexahistidine tag by using the Bac-to-Bac baculovirus expression system (Invitrogen) essentially as described (4) . The expressed protein was purified using Q-Sepharose (Amersham Biosciences) and Ni 2ϩ -nitrilotriacetic acid Superflow (Qiagen, Hilden, Germany). A PCRbased site-directed mutagenesis method was employed to generate  point mutants, R1622L, K1646R, K1727A, N1731V, D1765N, D1765A,  Q1767N, Q1767A, T1774S, T1774A, D1775A , and N1795A. The wild type pFastBac construct was used as a template, and PCR was carried out for each mutant with a set of sense and antisense mutagenic primers (essentially as described in the Stratagene QuikChange TM kit). The PCR products were treated with DpnI restriction enzyme and purified through agarose gel electrophoresis. Purified DNA was used to transform Escherichia coli (DH5a), and transformants harboring mutant constructs were identified. Mutations were confirmed by DNA sequencing. Mutant pFastBac constructs were used to generate mutant recombinant viruses, and protein was expressed and purified as in the case of wild type.
Expression of GST-TRPM7 Kinase Domain in E. coli-For bacterial expression, DNA fragments were subcloned in frame with GST using the pGEX-4T-2 vector (Amersham Biosciences). GST fusion proteins including either residues 1180 -1863 or 1580 -1863 of TRPM7 were expressed in E. coli (DE3) and purified using standard methods.
Phosphorylation Assays-Reaction mixtures (100 l) contained 50 mM HEPES (pH 7.5), 10 mM magnesium acetate (unless otherwise indicated), 5 mM dithiothreitol, 100 M [ 32 P]ATP (specific activity, 2-5 ϫ 10 2 cpm/pmol), and GST-TRPM7-KD (10 g/ml) or Sf9 cell TRPM7-KD or mutant proteins (ϳ1 g/ml), with or without myelin basic protein (MBP; 50 g/ml). For analysis of the effect of Mg 2ϩ and other divalents cations on kinase activity, GST-TRPM7 was incubated with MBP in a reaction mixture containing different concentrations of Mg 2ϩ , Ca 2ϩ , and Zn 2ϩ . All reactions were initiated by the addition of [ 32 P]ATP and carried out at 30°C for 10 -30 min. In the studies shown in Figs. 3D and 4B, GST-TRPM7-(1180 -1863) (wild-type sequence), GST-TRPM7-(1180 -1863) (S1511A and S1567A; see details below), and GST-TRPM7-(1180 -1863) (TAP sequence; see details below) (100 ng/ ml) were incubated in 50 mM Tris-HCl, pH 7.4, 10 mM MgCl 2 , 20 mM EGTA, 1 mM dithiothreitol, 100 M ATP for 30 min at 30°C (in Fig. 3D , [ 32 P]ATP was also included). Reactions were terminated by the addition of SDS sample buffer, and samples were analyzed by SDS-PAGE (10% polyacrylamide). Gels were stained with Coomassie Brilliant Blue, destained, dried and subjected to autoradiography or analysis using a phosphor imager (Fuji). Phosphoamino acid analysis and two-dimensional peptide mapping were performed as described (21) .
Phosphorylation in Intact Cells-HEK293 cells were transfected with wild-type TRPM7 using FuGENE 6 (Roche Applied Science). Wildtype TRPM7 was expressed for 24 -48 h, and cells were labeled with 32 P i , for 2 h. Cells were incubated without or with ionomycin (5 M) for 5 min, cell lysates were prepared, and TRPM7 was immunoprecipitated with anti-FLAG M2 affinity gel (Sigma). Samples were analyzed by SDS-PAGE and autoradiography. In other studies, HEK293 cells were transfected with wild-type TRPM7 or TRPM7-TAP using Lipofectamine 2000 (Invitrogen). Cell lysates were prepared, and TRPM7 was immunoprecipitated with anti-FLAG M2 affinity gel. Samples were analyzed by SDS-PAGE and immunoblotted using phospho-specific or FLAG antibodies.
Mass Spectrometry-After SDS-PAGE, bands containing autophosphorylated TRPM7 were excised from the gel, destained, and digested with trypsin (Roche Applied Science). The tryptic peptides were eluted from the gel and collected on POROS R2 beads (Applied Biosystems, Foster City, CA). After washing, the peptides were eluted from the beads and spotted onto a matrix-assisted laser desorption/ionization (MALDI) target using 2,5-dihydrobenzoic acid (Sigma) as matrix. MALDI time-of-flight (TOF) mass spectrometry was carried out on a Voyager-DE STR instrument (Applied Biosystems, Foster City, CA). MALDI-ion trap analysis was performed on a modified LCQ (Thermo Finnegan, San Jose, CA) mass spectrometer (22). On-line HPLC-MS/MS was performed using a 0.2 ϫ 50-mm MAGIC MS C18 column (Michrom Bioresources, Auburn, CA) connected directly to an LCQ-DECA electrospray-ion trap mass spectrometer (Thermo Finnegan).
Immunofluorescence and Immunoblotting-Antibodies to TRPM7 were made against GST fusion proteins that contained the coiled-coil domain (residues 1145-1321) (in rabbit) or the kinase domain (residues 1580 -1863) (in guinea pig) of TRPM7. A phosphorylation state-specific antibody that specifically recognizes phospho-Ser 1567 of TRPM7 was generated in rabbit using as antigen a phosphopeptide corresponding to residues 1562-1571 of mouse TRPM7. Antibodies were affinity-purified by absorption to immobilized recombinant proteins or phosphopeptide. For indirect immunofluorescence using confocal microscopy, HEK293 cells were fixed with 4% formaldehyde in PBS and permeabilized in 0.1% Triton X-100 (in PBS). After blocking (5% milk powder) for 30 min, cells were incubated with anti-TRPM7 antibody (guinea pig) for 2 h, washed three times in washing buffer, and incubated with fluorescein isothiocyanate-conjugated anti-guinea pig antibody for 30 min. Immunoblotting was carried out using standard procedures, and proteins were identified by ECL (Amersham Biosciences). Electrophysiology-CHO-K1 cells were grown in F-12K medium with L-glutamine (ATCC, Manassas, VA) supplemented with 10% fetal bovine serum (Omega Scientific, Tarzana, CA). Cells were grown in 6-well polystyrene dishes, and 1 day after plating they were transfected using Effectene (Qiagen) according to the manufacturer's protocol. The TRPM7 plasmid (pcDNA3.1) DNA was supplemented with enhanced GFP plasmid (eGFPN3; Clontech) at a 5:1 ratio in order to visualize the transfected cells by their enhanced GFP fluorescence (23) . Transfection continued for ϳ12 h. For mock transfection, the same procedure was employed, except DNA was omitted. Cells were subsequently trypsinized and plated on acid-washed glass coverslips for recording. For whole-cell patch clamp recording, coverslips with CHO cells were placed on a stage of an inverted microscope (Zeiss IM-35) and superfused with the external solution used for recording. GFP-positive cells were visualized using mercury arc lamp illumination at 290-nm wavelength. Recombinant TRPM7 channel currents were recorded in the whole-cell patch clamp using an EPC-9 patch clamp amplifier (HEKA Elektronik, Lambrecht, Germany). Command voltage ramps from Ϫ110 to ϩ85 mV (211-ms duration) were applied at 0.5-Hz frequency, and the resulting currents were digitized at 200 s. Cell and electrode capacitance was compensated with the EPC-9 circuitry. Series resistance was compensated by 85% to avoid potential errors due to large current amplitudes. Resistances of the fire-polished pipettes measured with the internal solutions were 1.5-4 megaohms. The silver-silver chloride ground electrode was connected to the bath solution via an agar bridge. All recordings were made at room temperature. The current amplitude was measured at ϩ80 mV and plotted against time after whole cell recording mode was established. In the majority of cells, the current had reached its maximum less than 6 min after break-in. All CHO cells tested exhibited an endogenous MIC current thought to represent native TRPM7 channels. The endogenous MIC current amplitude at ϩ80 mV averaged 30.6 pA/picofarad (S.E. ϭ 5.6, n ϭ 12). Igor Pro (Wavemetrics, Lake Oswego, OR) and Microcal Origin (Microcal Software, Northampton, MA) were used to analyze the data.
The following internal solutions were used to record from CHO cells overexpressing wild-type TRPM7 and mutants. inhibition of TRPM7 current, EGTA in the internal solution was replaced with 1 mM EDTA and 5 mM CaCl 2 or ZnCl 2 added as indicated. Salts were purchased from Sigma and Calbiochem.
RESULTS
Characterization of the Kinase Activity and Autophosphorylation of TRPM7-To examine the kinase activity of TRPM7, several GST fusion proteins containing the kinase domain and additional N-terminal extensions were expressed in E. coli and purified ( Fig. 1 and data not shown) . A high level of autophosphorylation of TRPM7-(1180 -1863) was observed, predominantly on serine with low phosphorylation of threonine (Fig. 1,  B and D) . In contrast, much lower autophosphorylation was found for a fragment that contained just the kinase domain (TRPM7-(1580 -1863)) (Fig. 1B) . Two-dimensional tryptic peptide mapping revealed multiple phosphopeptides (Fig. 1E) . TRPM7 also phosphorylated the exogenous substrate, myelin basic protein (MBP), largely on serine residues with low phosphorylation on threonine residues (Fig. 1, C and D) .
We recently determined the crystal structure of the kinase domain of TRPM7 (4) . Whereas the likely function of several key amino acids in the kinase domain of TRPM7 was implied by analogy with residues in the classical kinase superfamily, it was important to directly analyze the properties of these residues using site-directed mutagenesis. Moreover, the availability of mutant (kinase-dead) TRPM7 was necessary for the studies described below. Mutation of residues (Arg 1622 to leucine; Lys 1727 to alanine; Asn 1731 to valine; Thr 1774 to serine or alanine) likely to be involved directly in binding of phosphate groups of ATP or residues (Gln 1767 to asparagine or alanine; Asp 1775 to alanine) likely to be involved in metal binding all resulted in very low activity (Fig. 2, A and B) . Similarly, mutation of residues implicated in catalysis (Lys 1646 to arginine; equivalent to the conserved lysine residue of classical kinases that is often mutated to produce a kinase-dead protein; Asp 1765 to asparagine or alanine) resulted in very low activity. Mutation of a residue in the glycine motif (Asn 1795 to alanine) that may be involved in peptide substrate binding or orientation of the substratebinding loop resulted in low but measurable activity.
Mass Spectrometric Analysis of Phosphorylation Sites in TRPM7-TRPM7-(1180 -1863) phosphorylated in vitro as described above was subjected to SDS-PAGE. The TRPM7 band was digested in the gel with trypsin, and the tryptic peptides were analyzed by MALDI-TOF mass spectrometry (Fig. 3A) . Since the addition of HPO 3 causes an increase in mass of 80 Da, potential phosphopeptides within the tryptic map were identified by searching the observed signals for shifts of 80 Da relative to expected tryptic peptides. Three peptides showing an 80-Da shift were observed, corresponding to residues 1564 -1576 (predicted phosphorylated mass 1516.7 Da, observed mass 1516.4 Da), 1501-1521 (predicted mass 2380.5, observed mass 2380.3), and 1564 -1584 (predicted mass 2418.7, observed mass 2418.4). These peptides were subjected to fragmentation in a MALDI-ion trap mass spectrometer (22); each one showed a facile loss of 98 Da due to elimination of the elements of H 3 PO 4 , confirming that each was phosphorylated. Other fragment ions confirmed the identity of each tryptic peptide. The MS 2 spectrum of the 1501-1521 peptide contained fragment ions showing that the major site of phosphorylation in this peptide was Ser 1511 (data not shown). The MALDI-ion trap fragmentation data from the other two peptides did not allow us to determine whether Ser 1565 or Ser 1567 was the site of phosphorylation, so the 1564 -1584 peptide was analyzed by HPLC-MS/MS (Fig. 3, B and C) . The fragmentation pattern of the triply charged ion indicated that Ser 1567 was phosphorylated in the 1564 -1584 peptide.
Mutation of both Ser
1511 and Ser 1567 to alanine resulted in a large decrease in autophosphorylation compared with wildtype GST-TRPM7-(1180 -1863), indicating that Ser 1511 and Ser 1567 represent major sites of phosphorylation (Fig. 3D ). To further confirm Ser 1567 as a major in vitro autophosphorylation site, we prepared a phospho-specific antibody that recognized wild-type TRPM7 autophosphorylated in vitro (Fig. 4B) . However, the phospho-Ser 1567 antibody did not detect any signal in a mutant (TRPM7-TAP) in which the kinase activity was inactivated by substitution of the key catalytic residue in the conserved "TDP" motif found in EF2K/MHCK family members (TRPM7-D1775A; see Fig. 2) .
Phosphorylation of TRPM7 in Intact Cells-To investigate whether Ser 1511 and/or Ser 1567 were phosphorylated in intact cells, wild-type TRPM7 was expressed in HEK293 cells, cells were labeled with 32 Pi, and the phosphorylation of TRPM7 analyzed following immunoprecipitation (Fig. 4A) . In control conditions, TRPM7 was strongly labeled with phosphorylation occurring almost exclusively on serine residues (Fig. 4E) . Comparison of the phosphopeptide tryptic map of full-length TRPM7 phosphorylated in HEK293 cells (Fig. 4C) with that of TRPM7-(1180 -1863) autophosphorylated in vitro (see Fig. 1E for comparison) indicated that the major phosphorylated sites were included within residues 1180 -1863 of TRPM7. The phosphorylation of Ser 1567 in intact cells was confirmed using the phospho-Ser 1567 antibody (Fig. 4C) 32 P]ATP and MBP (as indicated) for 10 min using standard assay conditions. Samples were separated by SDS-PAGE and analyzed by autoradiography. The far left lane shows autophosphorylation of wild-type TRPM7-(1548 -1863) in the absence of MBP. Analysis of the phosphorylation of MBP using a phosphor imager indicated that (after taking into account the slight differences in the levels of protein for the TRPM7 kinase mutants), the various kinase mutants exhibited Ͻ1% of the activity of the wild-type kinase, except for TRPM7-T1774A (ϳ6% of wild-type) and TRPM7-N1795A (ϳ2% of wild-type). For comparison, the specific activity (using MBP as substrate) of wild-type GST-TRPM7-(1180 -1863) was 50.1 pmol/min/g, whereas that of GST-TRPM7-(1180 -1863), containing the D1775A mutation, was 0.1 pmol/min/g (0.2% of wild type). Under the same conditions, ERK phosphorylated MBP with a specific activity of 486 pmol/min/g. amine the effects of the kinase activity of TRPM7 on its functional properties, HEK293 cells were transiently transfected with DNA for wild-type or mutant TRPM7. In initial experiments with wild-type TRPM7 and using an antibody raised against the kinase domain, TRPM7 was found to be expressed in a high percentage of cells (Ͼ80%), where it was largely localized in the plasma membrane, although some punctate intracellular immunofluorescence was observed (Fig. 5A) . No immunofluorescence was observed in cells transfected with the empty vector. By immunoblotting with an antibody to the coiled-coil domain, full-length TRPM7 was detected as a protein of ϳ210 kDa, a molecular mass consistent with that predicted from the cDNA sequence (212 kDa) (see Fig. 6A ).
To analyze the role of autophosphorylation, Ca 2ϩ influx through TRPM7 channels was examined in HEK293 cells that expressed either full-length TRPM7 or mutants in which the major autophosphorylation sites, Ser 1511 and Ser 1567 , were mutated to alanine (Fig. 5, B and C) . Cells were initially incubated with Ca 2ϩ -free buffer (0.5 mM EGTA) and Ca 2ϩ influx was measured upon addition of 2 mM CaCl 2 to the extracellular medium. No significant Ca 2ϩ influx was measured in mocktransfected cells (see, for example, Fig. 5D ). Comparably large increases in Ca 2ϩ influx were seen in cells expressing wild-type TRPM7 or autophosphorylation site mutants (S1511A, S1567A, or a S1511A/S1567A double mutant). Moreover, comparably large increases in Ca 2ϩ influx were observed in cells expressing either wild-type TRPM7 or TRPM7-TAP (Fig. 5D) .
We further assessed the potential role of the kinase domain of TRPM7 by expressing a mutant (TRPM7-(1-1599)) in which most of the kinase domain was deleted (Fig. 6 ). The expression levels of wild-type TRPM7 and TRPM7-(1-1599) (⌬KD) in HEK293 cells were comparable as measured by immunoblotting using an anti-coiled-coil domain antibody (Fig. 6A) . In contrast to the full-length kinase-dead TRPM7 (see Fig. 5D ), very little Ca 2ϩ influx was observed in cells expressing TRPM7-⌬KD (Fig. 6B) . A similar result was observed using a different protocol in which cells were incubated initially with Ca 2ϩ -free buffer (0.5 mM EGTA) and thapsigargin (200 nM) to deplete intracellular stores, and then Ca 2ϩ influx was measured upon the addition of 2 mM CaCl 2 to the extracellular medium (Fig. 6C) .
Whole-cell Patch Clamp Recordings from CHO Cells Overexpressing Wild-type and Mutant TRPM7 Proteins-Inclusion of millimolar internal Mg
2ϩ , MgATP, or MgGTP inhibits the development of TRPM7 current (6) . Previous studies have demonstrated that wild-type TRPM7 channel activity can be induced during whole cell recording by lowering internal Mg 2ϩ by dialysis with pipette solutions lacking Mg 2ϩ (5, 6) . We therefore evaluated channel activity by whole-cell recording using Mg 2ϩ -free internal solutions in CHO cells that expressed wildtype and mutant TRPM7. A typical I-V relationship (top) and time course for development of the wild-type TRPM7 current is shown (Fig. 7A) . Immediately following break-in to achieve whole-cell recording, the current was small but detectable (20-s trace) and increased gradually over the course of several minutes (6-min trace). The autophosphorylation site mutant (Fig.   FIG. 3 . Mass spectrometric analysis of autophosphorylation sites in TRPM7. A, GST-TRPM7-(1180 -1863) phosphorylated in vitro was subjected to SDS-PAGE, in-gel tryptic digestion, and MALDI-TOF mass spectrometry. Three peptides shifted by 80 Da from expected tryptic fragments are indicated: 1, residues 1564 -1576; 2, residues 1501-1521; 3, residues 1564 -1584. B, peptide 3 from A was analyzed by HPLC-MS/MS. The fragmentation spectrum of the triply charged ion is shown, and observed b and y ions are labeled. Fragment ions that have lost H 3 PO 4 are indicated by ‚. C, comparison of the fragmentation spectrum with the sequence of the peptide confirms the identity of the peptide and shows that the phosphate in peptide 3 is attached to Ser
(in boldface type). D, autophosphorylation of GST-TRPM7-(1180 -1863) (WT) and mutant GST-TRPM7-(1180 -1863) (D.A.) in which Ser
1511 and Ser 1567 were changed to alanine residues. Purified GST fusion proteins were incubated in the presence of [ 32 P]MgATP, and the samples were separated by SDS-PAGE and analyzed by autoradiography. 32 P incoporation into the double autophosphorylation (D.A.) site mutant was less than 10% of that of wild type.
7, B and E) and the kinase-dead mutant (Fig. 7, C and E) also exhibited currents that developed with I-V characteristics and a time course which was the same as wild-type TRPM7. The current immediately after break-in represents activity of preactivated channels and was variable from cell to cell (shown in Fig. 7E) . Moreover, the kinetics of the current development and rundown varied greatly from cell to cell but did not depend on the expressed construct (compare Fig. 7, A-C) . In contrast, the TRPM7-⌬KD mutant failed to express significant channel activity (Fig. 7, D and E) . The comparatively small current in untransfected CHO cells is the endogenous MIC current, which is thought to represent native TRPM7 protein (Fig. 7D , and data not shown for mock-transfected cells). Thus, although deletion of the kinase domain abolished TRPM7 channel activity, the endogenous current was unaffected.
We next examined Mg 2ϩ inhibition of wild-type TRPM7 and the various mutants by comparing the extent of inhibition by two concentrations of internal Mg 2ϩ (ϳ2.3 and 4 mM free concentrations) (Fig. 8 and data not shown) . Preactivated current was detected immediately after break-in, and the current subsequently declined over minutes as Mg 2ϩ entered the cell (Fig.  8 , A-D, shows representative results for ϳ2.3 mM free Mg 2ϩ ). No apparent difference was detected between the time courses of Mg 2ϩ inhibition between wild type, the double autophosphorylation site, or the kinase-dead mutant. Normalized current amplitudes at break-in for individual cells are summarized in Fig. 8E . In order to address the extent of Mg 2ϩ inhibition quantitatively, we measured the current amplitude after steady-state inhibition was established (usually ϳ400 s after break-in) and divided this value by the amplitude at break-in (I 0 ). This approach was chosen because channel expression varied greatly from cell to cell (Fig. 8E) , and it allowed us to measure relative Mg 2ϩ inhibition for each cell individually. The extent of Mg 2ϩ inhibition determined in this fashion was not significantly different at either 2.3 or 4 mM Mg 2ϩ for wildtype TRPM7 and the autophosphorylation site or kinase-dead mutants (Fig. 8F) .
Effects of Divalent Cations on the Kinase and Channel Activities of TRPM7-
In further experiments, we compared the effects of divalent ions on both channel and kinase activities of TRPM7. As expected, MBP kinase activity required Mg 2ϩ with maximal activity being observed with a concentration of 10 mM (Fig. 9A) . In the presence of 10 mM Mg 2ϩ , the addition of Ca 2ϩ had no effect on kinase activity (Fig. 9A) or autophosphorylation (data not shown). Notably, the addition of Ca 2ϩ plus calmodulin resulted in inhibition of MBP phosphorylation, presumably as a result of binding to the MBP substrate (24) . In the presence of 10 mM Mg 2ϩ , the addition of high concentrations of Zn 2ϩ strongly inhibited kinase activity (Fig. 9A ) and autophosphorylation (data not shown), presumably by competing with Mg 2ϩ . Similar results were observed in a recent study by Ryazanov et al. (24) (see also Schmitz et al., (10) ).
We next examined effects of Ca 2ϩ and Zn 2ϩ on TRPM7 current. In a control experiment where the internal solution contained no divalent cations (1 mM EDTA), TRPM7 current increased over time (Fig. 9B ). The addition of 5 mM CaCl 2 (Fig.  9C ) or 5 mM ZnCl 2 (Fig. 9D ) reduced TRPM7 current markedly (note different y axis units). The extent of inhibition was similar to that of Mg 2ϩ (see Fig. 8 ) in that it was voltage-independent and proceeded with a similar time course. Thus, although Mg 2ϩ is required, Ca 2ϩ has no effect, and Zn 2ϩ inhibits TRPM7 kinase activity, all three cations inhibited TRPM7 channel current.
DISCUSSION
Characterization of TRPM7 Activity and Autophosphorylation-TRPM7 is unusual in that it is a TRP-like ion channel that includes a Ser/Thr protein kinase within a single polypeptide chain. Moreover, the kinase domain of TRPM7 is itself atypical in that it is distinct in structure from the superfamily of eukaryotic protein kinases. Our recent elucidation of its crystal structure suggests that the TRPM7 kinase and other related kinase domains may represent an intermediate stage in the evolution of the protein kinase A-like protein kinases from metabolic enzymes. Notably, some other members of the EF2K/ MHCK family of protein kinases are predicted to contain membrane-spanning domains (1, 3) . It will be of interest to examine if any of these other atypical kinases are components of ion channels. Despite the absence of any overall amino acid sequence similarity, the results from our site-directed mutagen- esis studies highlight the conservation of function of several key amino acid residues in the active sites of the two classes of protein kinase. Thus, mutation of residues involved directly in binding of phosphate groups of ATP or involved in metal binding or catalysis resulted in very low kinase activity. For example, mutation of Lys 1646 (to arginine) confirmed this residue as being equivalent to the conserved lysine that is often mutated to produce a "kinase-dead" classical kinase. In addition, muta- Based on their sequence similarity to voltage-gated ion channels, TRPs are likely to form tetramers (12) . Our x-ray crystallography studies indicate that two kinase domains of TRPM7 associate as a domain-swapped dimer. Thus, a TRPM7 homotetramer would consist of two pairs of dimers, with dimerization probably being restricted to adjacent, but not diagonally opposed, neighbors. Alternatively, dimerization could occur between either adjacent or diagonally opposed TRPM7 monomers in a tetrameric channel formed with one or two other TRP family members. In this regard, TRPM7 appears to be able to interact with the closely related TRPM6, and co-assembly of TRPM6/M7 complexes appears necessary for functional expression of TRPM6 at the plasma membrane (11) . In this study, we identified two major phosphorylation sites in TRPM7 at Ser 1511 and Ser 1567 . Ser 1511 is present within a region of TRPM7 of unknown function but that contains numerous Ser/Pro and Thr/Pro motifs. Ser 1567 is located just after the first ␣ helix (␣ A ) of the kinase domain, the ␣ A helix being the main structural element of the segment that is "exchanged" between the two monomers. The autophosphorylation of these sites appears to have no effect on kinase activity (24) , but it seems possible that phosphorylation of Ser 1567 in particular has the potential to affect the dimeric structure or stability of the paired kinase domains.
Previous studies have shown that EF2 kinase and MHCK both phosphorylate threonine residues within their respective substrates (25, 26) . These results raised the possibility that atypical kinases might be selective for threonine. However, the two autophosphorylation sites identified in this study are serine residues, and serine is the residue that is phosphorylated in MBP. The EF2K/MHCK family of atypical protein kinases are unlikely, therefore, as a group to show preference for threonine in their respective substrates. Moreover, the EF2K/MHCK family kinases do not seem to recognize any obvious consensus phosphorylation site motif. Ser 1511 and Ser 1567 are found within the amino acid sequences, STEDSPEVDS(P)KAALLP-DWLR and MRLSQS(P)IPFVPVPPR, respectively (boldface type indicates phosphorylated serines). These sites do not exhibit any similarity to each other or to sites phosphorylated by other EF2K/MHCK family members. Structure-function studies of EF2 kinase and MHCK have suggested that interactions with substrate require additional protein/protein interactions outside of the immediate contacts at the active site. For example, EF2 interacts directly with the extreme C terminus of EF2 kinase, a region removed from the catalytic domain by ϳ300 amino acids (25, 27, 28) . In MHCK-A, the catalytic domain is flanked at the N terminus by a coiled-coil region, and at the C terminus by a 7-fold WD repeat motif. Removal of the WD repeat domain decreased significantly the rate of phosphorylation of full-length myosin but had no effect on the kinetics of phosphorylation of a short synthetic peptide that served as a substrate for the kinase (29) . Presumably, these additional targeting interactions stabilize the interaction of EF2 or myosin with their respective kinase and perhaps orient the region containing the phosphorylation sites of EF2 or myosin in the correct position in the active sites of either kinase. Similar secondary interaction domains away from the active site of the kinase may also be required for recognition of substrates for TRPM7.
Our studies indicate that the major sites autophosphorylated in vitro, Ser 1511 and Ser 1567 , are also the main sites phosphorylated in intact cells, at least under control conditions. It is possible that upon stimulation, one or more kinases could phosphorylate TRPM7 and regulate kinase or channel function. It is also possible that Ca 2ϩ or other cations that permeate the TRPM7 channel pore could have a local effect on kinase function.
Does the TRPM7 Kinase Domain Play Any Role in Regulation of Its Channel Function?-Given the unique incorporation of a kinase domain within the TRPM6 and TRPM7 polypeptides, it might have been expected that the kinase activity would play a significant role in channel gating. However, the results of the current study failed to find any obvious regulatory function for the TRPM7 kinase activity. We assessed channel function in several different ways and analyzed the effect of several different types of mutations of TRPM7. Measurement of Ca 2ϩ influx into intact cells, or by carrying out whole-cell recording with Mg 2ϩ -free internal solutions, indicated that mutation of the major autophosphorylation sites in TRPM7 or inactivation of kinase catalytic function had no significant effect compared with results obtained with wild-type TRPM7. Our analysis of autophosphorylation site mutants has the added advantage of ruling out the possibility that low levels of endogenous TRPM7 kinase activity might be sufficient to result in significant phosphorylation of exogenous TRPM7 kinase mutants.
Two previous studies have attempted to address the role of the TRPM7 kinase domain in channel function (5, 10) . Although these two studies were not in agreement with each other, they concluded that TRPM7 kinase activity was either essential to (5) or was involved in modulating (10) channel function. Runnels et al. (5) mutated Gly 1796 (to aspartate, incorrectly assuming that this residue was part of the ATP binding site) and mutated Cys 1809 and Cys 1812 (to alanine, incorrectly assuming that these residues were part of a "FYVE" zinc finger motif) and were not able to measure whole-cell currents in these mutants. Unfortunately, no positive controls were provided to show that the mutant TRPM7 channels were actually expressed. Subsequently, Schmitz et al. (10) showed that mutation of Gly 1799 (to aspartate) (a residue equivalent to the Gly 1796 studied by Runnels et al. Wild-type and mutant forms of TRPM7 were expressed in CHO cells and current recorded in whole-cell patch clamp mode. Time courses are shown for inhibition of TRPM7 currents by 2.3 mM free internal Mg 2ϩ (12 mM EGTA plus 4 mM MgCl 2 ) for wild type (WT) (A), S1511A/S1567A double autophosphorylation site mutant (D.A.) (B), kinase-dead mutant (TAP) (C), and kinase domain deletion mutant (⌬KD) (D). The current was maximal at break-in (t ϭ 0) and declined during subsequent dialysis of the cell interior with the Mg 2ϩ -containing pipette solution. E, the current amplitudes at break-in (with 12 mM EGTA plus 4 mM MgCl 2 ) are shown for untransfected (Control) CHO cells, as well as for cells expressing wild-type and mutant forms of TRPM7 (wild type, n ϭ 15; ⌬KD, n ϭ 5; D.A., n ϭ 8; TAP, n ϭ 11; control, n ϭ 14). In agreement with the results shown in Fig. 7 , wild-type TRPM7, the autophosphorylation site mutant, and kinase-dead mutant all showed amplitudes much greater than the endogenous current, whereas the TRPM7-⌬KD deletion mutant did not exhibit any increase in current compared with control. F, the current amplitude after the establishment of steady state (I SS ) was divided by the current amplitude at break-in (I 0 ) for each cell examined to determine the percentage inhibition by 2.3 mM (12 mM EGTA plus 4 mM MgCl 2 ) and 4 mM (12 mM EGTA plus 6.5 mM MgCl 2 ) free Mg 2ϩ . To minimize contamination by the endogenous MIC current, only cells showing expression levels ϳ8 times the background or higher were selected for this measurement (see E). The normalized current amplitude of untransfected CHO cells at break-in was 4.65 pA/picofarad (n ϭ 14). 2.3 mM free Mg 2ϩ was sufficient to inhibit the endogenous current. Means Ϯ S.E. are shown for both internal Mg mutant channels to internal Mg 2ϩ and showed that at lower concentrations (ϳ3 mM) Mg 2ϩ , inhibition was reduced for the two kinase domain mutants, whereas at higher concentrations (7-8 mM), inhibition was identical to the wild-type channel. This differs from our results indicating that TRPM7 kinase activity had no effect on Mg 2ϩ inhibition. The reason for this discrepancy is unknown at present. It is worth mentioning, however, that Schmitz et al. (10) measured averages of current amplitudes for groups of cells, whereas we compared TRPM7 inhibition in individual cells and averaged those. It is possible that variability of channel expression influenced the analysis of Schmitz et al. (10) .
A significant result from our current studies is that deletion of the entire kinase domain of TRPM7 resulted in production of an apparently inactive channel as measured by Ca 2ϩ influx or from whole-cell recording methods. The level of expression of the truncated TRPM7-⌬KD deletion mutant was similar to that of wild-type TRPM7. However, we cannot rule out the possibility that the protein was not normally assembled as a tetramer and/or processed and trafficked to the plasma membrane. Schmitz et al. (10) also examined the properties of a slightly shorter TRPM7-⌬KD deletion mutant (residues 1-1569). Whole-cell recordings indicated that cells expressing the 1-1569 TRPM-⌬KD deletion mutant exhibited significantly reduced TRPM7 currents (ϳ10% of that of cells expressing wild-type TRPM7) perhaps reflecting different properties of the mutant used or of its expression level. Schmitz et al. (10) also suggested that their TRPM7-⌬KD deletion mutant was much more sensitive to inhibition by Mg 2ϩ . However, given the much reduced currents, it is difficult to derive clear conclusions from the data shown.
We also examined the regulation of channel function and kinase activity by different divalent cations. The results from measurement of kinase activity in vitro indicated that while Mg 2ϩ is required for kinase activity, Ca 2ϩ has no effect, and Zn 2ϩ inhibits kinase activity. These results are in complete agreement with a recent study by Ryazanova et al. (24) . However, in circumstantial support of the conclusion that kinase activity is dissociated from channel function, these three cations inhibited TRPM7 channel current (see also Ref. 30 ). Additional circumstantial evidence for lack of role of kinase activity in regulation of channel function comes from consideration of the fact that both MgATP and MgGTP inhibit channel activity (6), whereas only MgATP is capable of supporting TRPM7 kinase activity (24) .
CONCLUSIONS
Together, our results demonstrate that TRPM7 channel activity and sensitivity to inhibition by divalent cations are dissociated from the activity of the intrinsic kinase domain. The function of the kinase domain is therefore unknown at the present time. Presumably, other substrates for TRPM7 kinase exist, and these may be involved in signal transduction pathways somehow linked to channel activity. The kinase domain of TRPM7 is known to interact with various phospholipase C isoforms, although the functional significance of these interactions is not known (17) . TRPM7 kinase activity or autophosphorylation may influence the interaction with phospholipase C or with other unidentified proteins. The results from our current study indicate that whereas kinase activity is not essential for channel function, the presence of the kinase domain is critical for functional expression of TRPM7. Future studies will hopefully clarify the role(s) that this unusual kinase domain plays in the expression and regulation of TRPM7. 
